Abstract
The roles of hindered ionic diffusion, and the passivation of the reinforcing steel rendered by 23 NO3 -are also discussed. 
Introduction and background

36
Chloride (Cl -) induced corrosion of reinforcing steel is a significant cause of premature damage 37 and degradation of concrete infrastructure [1] [2] [3] . Concrete may be subject to chloride ingress as 38 a result of contact with de-icing salts, seawater exposure, etc. [4] . In the U.S. alone, over $8 billion 39 is spent annually on corrosion-related repair, maintenance, and rehabilitation of bridges [5] . In 40 addition, 11 % of the 600,000 highway bridges in the U.S. are deemed to be structurally deficient 41 [5, 6] ; the majority due to corrosion-related degradation. 42 43 Due to the alkalinity of cementitious pore solutions, steel embedded in concrete is generally 44 covered with a passivating oxide layer (γ-Fe2O3 [7, 8] ). The ingress of Cl -ions into the concrete is 45 thought to initiate steel corrosion by displacing OH -from this passivating layer [2, 9] . Cl --induced 46 depassivation results in localized pitting and corrosion product formation, which reduces the 47 cross-sectional area of the reinforcing steel, and, therefore, its load-bearing capacity [3, 7, 9] . The 48 Cl -/OH -ratio (in molar units), which accounts for the passivating effects of OH -ions, is often used 49 to describe the risk of steel corrosion [9, 10] . Although the precise value of Cl -/OH -required to 50 initiate corrosion is a subject of debate [9, 10] , a survey of the literature suggests that corrosion 51 initiates when Cl -/OH -≥ 0.6 [9-11].
53
The presence of NO3 -and NO2 -anions in the pore solution can counteract the corrosive actions 54 of Cl -ions [12] [13] [14] [15] [16] [17] . These species mitigate corrosion processes by oxidizing Fe 2+ species to Fe 3+ 55 ions, which precipitate and re-form passivating films [7, 18] . A critical Cl -/NO2 -ratio for corrosion 56 initiation has been suggested to range from 0.25-to-2.0 (unitless, molar ratio) [19, 20] . While data 57 regarding NO3 -is lacking, indirect evidence suggests that NO3 -provides similar corrosion 58 inhibition as NO2 -(i.e., for Cl -/NO3 -≤ 0.25) [21] . While the use of NO2 -or NO3 -is valuable, the 59 corrosion inhibition offered by these species offer is often limited by their initial dosage into the 60 concrete [22] . Moreover, both Ca(NO3)2 and Ca(NO2)2 are highly soluble and, therefore, are 61 subject to leaching, which may reduce their potential for corrosion mitigation.
63
The binding of Cl -by cementitious phases can significantly suppress Cl -/OH -in the pore solution 64 and thereby increase the service life of infrastructure [23] [24] [25] . For example, Cl -binding can occur 65 by ion exchange into alumino-ferrite monosubstituent (AFm) compounds, or by sorption onto C- 66 S-H or other compounds [26] . AFm's are represented by [Ca2(Al,Fe)(OH)6]⋅X⋅nH2O, where X is the 67 exchangeable interlayer anion, and n is the number of water molecules. The site (i.e., anion) 68 occupation preference within the AFm-interlayer has the ranking Cl -> NO3 -> NO2 -> CO3 2-> SO4 2-69 > OH - [27] , assuring that AFm's present in cementitious formulations (i.e., those containing CO3 2-
70
, SO4 2-, or OH -in their interlayers) will capture Cl -ions from solution to form Cl-AFm (i.e., Friedel's 71 salt) or Kuzel's salt [27, 28] . Ion exchange results in the release of the anion initially present in the 72 AFm interlayer by a process of anion capture and exchange (ACE); a process that is guided by 73 thermodynamic selectivity [27, 28] . sorption by C-S-H [25] , and (iii) Cl -species taken up by AFm's are more strongly bound into their 78 structure (i.e., reflecting structural incorporation), than binding by the C-S-H which represents 79 weaker physisorption. Therefore, the Cl -binding capacity of cementitious formulations is linked 80 to the mass fraction of AFm phases present [30] . Even though the specific binding capacity of 81 AFm phases is high, the total binding capacity of OPC-based (2.02 ± 0.01) % TiO2, (0.59 ± 0.10) % MgO, (0.11 ± 0.01) % P2O5, (0.31 ± 0.04) % K2O and (0.07 ± 129 0.03) % Na2O by mass [49] . Unless otherwise noted, the uncertainty represents one standard 130 deviation. The mineralogy of the CAC as determined by X-ray diffraction and Rietveld refinement, 131 was 73.3 ± 3.3 % CA, 18.1 ± 3.3 % C2AS, 4.9 ± 2.0 % CT with minor phases in the form of 0.8 % 132
CaO, 0.6 % C2F, 1.5 % C3FT and 0.8 % Fe3O4 by mass [50] . The ISE was calibrated using calibration solutions prepared using Milli-Q water + CaCl2·2H2O over The effective diffusion coefficient of an ionic species in a cementitious microstructure is related 221 to its bulk conductivity (σeff; i.e., equivalent to inverse resistivity), and to the conductivity of the 222 solution saturating its pores (σ0) as described by the Nernst-Einstein relation [68] :
where, Di inf is the diffusion coefficient of the i th species at infinite dilution in water. This approach Table 2 ) [46, 72] . As a point of comparison, it 273 should be noted that the Cl -binding capacity of a typical "neat-OPC" system is approximately 274 25 % that of the "neat CAC" system shown in Figure 3 ; at a similar w/c and temperature [32] . 
Schematic and assumptions
333
To elucidate the benefits of ACE, a simplified concrete bridge-deck geometry (also representative 334 of a pier with one-face exposed to seawater) was developed. This 1D-domain of a pristine (i.e., the reinforcing steel from the upper surface (i.e., the cover depth) is assumed to be xr = 0.050 m.
338
To describe ion transport, the following assumptions were made:
339
• The porosity of the concrete and the CAC-based top-layers is saturated with pore solution,
340
• rather than through the nanoscale gel pores, e.g., as present in the C-S-H [68] . 
Governing equations
353
For the assumptions noted above, the concentrations of multiple ionic species in solution as a 354 function of space (x) and time (t) can be described by the Nernst-Planck (NP) equation: 
365
The reaction rate (νi) in Equation (5) for all species except Cl -and NO3 -was assumed to be zero 366 (i.e., no reaction between species). The reaction rates corresponding to the Cl -and NO3 -species 367 are expressed by the following first order reactions:
where, kCl is the reaction rate constant of Cl-for-NO3 ion exchange (s -1 ), and 387 The concentrations of ions at the exposed surface (i.e., x = 0) was set to conform with those of 388 seawater [83] ; as noted in Table 1. Table 1 Assuming ions cannot escape the bottom of the bridge-deck (e.g., due to the presence of stay-395 in-place metal forms), a zero-flux boundary condition is imposed at x = L:
Initial and boundary conditions
where, N is the flux of the i th ionic species (mol/m 2 •s). Additionally, this lack of "ion escape" also 398 implies electrical insulation (i.e., zero current) at the same boundary:
where, N ψ is the electrical current density (A/m 2 ). The potential at the exposed surface of the 401 concrete bridge deck was assumed to be zero, i.e., grounded:
403
A perfect bond was assumed between the CAC top-layer and the bulk OPC concrete, and no 404 buildup of electric charge was assumed at the interface. Therefore, ionic flux and electric current 405 density were assumed to be continuous across the interface (x = Lc).
406 407 Table 2 : The material-specific input parameters representing: Cl -binding, formation factor (i.e., which dictates ion diffusion rates within a constrained microstructure), and the mixture compositions (i.e., the porosity and paste content of the CAC mortars and OPC concrete).
Material α (L/ kgpaste) β (L / mol
Cl -) the Langmuir isotherm parameters and reaction rate constants, the factor σeff/σ0, porosity and 410 paste content. The maximum uncertainties in α and β were ± 0.0005, and ± 0.0001, respectively.
411
The porosity of each CAC composition was calculated -from its volumetric phase assemblage at 2.9 to 13.9, depending on the parameters imposed. It should be noted that these outcomes are 476 broadly independent of the critical Cl -/OH -ratio at which corrosion initiates. This is because the 477 critical Cl -/OH -ratio influences the magnitude of tinit, but only weakly affects df. The effects of CN additions to CAC's were also investigated. As an example, in the case of seawater exposure, the provision of CAC + CN-based top-layers is 
